Duchenne muscular dystrophy is a relatively common disease that affects skeletal muscle, leading to progressive paralysis and death. There is currently no resolutive therapy. We have developed a treatment in which we combined the effects of nitric oxide with nonsteroidal antiinflammatory activity by using HCT 1026, a nitric oxide-releasing derivative of flurbiprofen. Here, we report the results of long-term (1-year) oral treatment with HCT 1026 of two murine models for limb girdle and Duchenne muscular dystrophies (␣-sarcoglycan-null and mdx mice). In both models, HCT 1026 significantly ameliorated the morphological, biochemical, and functional phenotype in the absence of secondary effects, efficiently slowing down disease progression. HCT 1026 acted by reducing inflammation, preventing muscle damage, and preserving the number and function of satellite cells. HCT 1026 was significantly more effective than the corticosteroid prednisolone, which was analyzed in parallel. As an additional beneficial effect, HCT 1026 enhanced the therapeutic efficacy of arterially delivered donor stem cells, by increasing 4-fold their ability to migrate and reconstitute muscle fibers. The therapeutic strategy we propose is not selective for a subset of mutations; it provides ground for immediate clinical experimentation with HCT 1026 alone, which is approved for use in humans; and it sets the stage for combined therapies with donor or autologous, genetically corrected stem cells.
M uscular dystrophies are clinically and molecularly heterogeneous genetic diseases causing wasting of skeletal muscle, severe local inflammation, and at least initially muscle regeneration for which there is no resolutive therapy (1) . In the most severe forms, such as Duchenne muscular dystrophy, muscle regeneration is progressively exhausted, leading the patient to complete paralysis and death, usually by respiratory and/or cardiac failure (1) . The therapeutic protocols currently in use, based on corticosteroid administration, provide some delay in the progression of the disease, but they are associated with severe side effects (2) . The alternative pharmacological strategies attempted so far did not yield favorable outcomes in clinical trials, and they have not entered into the clinical practice (3) .
Studies in mouse models have explored possible therapeutic strategies, ranging from deacetylase inhibitors (4), inhibition of myostatin (5), insulin-like growth factor 1 overexpression (6) to skipping of the mutated exon (7) and cell therapy with mesoangioblast stem cells (8) . Although encouraging, these approaches still lack approval for use in patients and data on long-term efficacy, safety, and tolerability; in addition, they are expensive and in some cases they target only subsets of patients. The development of stem cell therapies is also hampered by problems related with isolation, in vitro expansion, and efficient engraftment of the cells used (9) .
To tackle these issues, we developed a treatment by combining the known beneficial effects of nitric oxide (NO) in muscle repair and regeneration (10-15) with nonsteroidal antiinflammatory activity. As a drug of choice, we selected HCT 1026, a derivative of flurbiprofen, one of the most potent nonsteroidal antiinflammatory drugs, that releases NO and does not have the severe side effects of corticosteroids (16, 17) . Of importance for an immediate testing in the clinic is the fact that HCT 1026 is safe at the gastrointestinal level, and it has been approved for use in humans; it is effective on oral administration, and it is thus suited for long-term treatment. As a second important step in the development of an efficacious therapeutic protocol for muscular dystrophy, we combined this pharmacological treatment with intraarterial delivery of mesoangioblasts.
The effect of HCT 1026 was tested on two models of muscular dystrophy, the ␣-sarcoglycan (SG)-null and mdx mice, in a longterm (1-year) treatment. HCT 1026 dramatically slowed the progress of the disease, and it maintained muscle integrity and function through mechanisms involving inhibition of inflammation and preservation of satellite cell number and activity. HCT 1026 was significantly more potent than prednisolone, which was used as a reference corticosteroid, and it did not induce detectable side effects. Moreover, the drug treatment improved significantly the therapeutic potential of mesoangioblasts by increasing their homing to dystrophic muscles. These results open a window to an effective cure of muscular dystrophy.
Results
The first set of experiments was carried out in the ␣-SG-null mice, a mouse model of limb girdle muscular dystrophy with a severe phenotype (18) . Groups of mice (18 animals per group) were treated for up to 12 months with HCT 1026 (30 mg/kg of body weight) or prednisolone (2 mg/kg), incorporated in the diet. Control groups receiving the same diet without any drug or the NO donor isosorbide dinitrate (ISDN; 30 mg/kg) were analyzed in parallel. Flurbiprofen was not used because of its known long-term toxicity (16, 17) , whereas the daily dose of HCT 1026 we used produces antiinflammatory activity without signs of toxicity (19) . Incorporation of the drug into the diet led to plasma levels of flurbiprofen (the active and detectable metabolite of HCT 1026) in the range of 16-20 M after 30 days or 44 M after 6 months (19) . This plasma concentration is in the same order of magnitude of that found in healthy volunteers after treatment for 7 days with HCT 1026 at 100 and 200 mg orally (20) . The dose of prednisolone was similar to that used in other studies in mice (21) . We started the treatment 1 month after weaning, roughly at the onset of the disease symptoms, thus mimicking a treatment starting in pediatric patients. To evaluate efficacy, we relied on morphological, histochemical, and functional parameters. At the time of animal killing we carried out histological analyses of bone, liver, spleen, brain, kidney, stomach, lung, and heart, to check for any major sign of HCT 1026 toxicity. No relevant histological differences in these organs were observed between ␣-SG-null and wild-type (WT) mice, and no significant histological alterations were observed in the 12-month time window of drug treatment [see supporting information (SI) Fig. 5 ] (data not shown). Creatine kinase, an enzyme released by damaged or necrotic fibers, is commonly used as a biomarker of the severity of muscular dystrophies. The serum levels of creatine kinase in untreated ␣-SG-null mice were higher than those of WT animals already within the first 2 months of life, and they increased progressively up to 6 months, after which a decline was observed (Fig. 1A) , consistent with the dramatic reduction in muscular tissue known to occur at later stages of the disease (18) (see also Fig. 2 ). In the group receiving HCT 1026, creatine kinase levels were reduced significantly with respect to those observed in untreated animals (by 22.2%, 44.9%, and 75.7% at 3, 4, and 6 months, respectively; P Ͻ 0.05, n ϭ 9). A reduction in creatine kinase levels was observed also in prednisolone-treated animals (by 41.0%, 42.2%, and 53.6% at 3, 4, and 6 months, respectively P Ͻ 0.05; n ϭ 9) (Fig. 1 A) , whereas ISDN did not have significant effects (SI Table 1 ).
HCT 1026 Ameliorates in Vivo and ex Vivo Muscle Function in ␣-SG-Null
Mice. Muscle function was evaluated by using the running-wheel and treadmill tests, which measure animal voluntary motility and muscle endurance, respectively. Untreated ␣-SG-null mice showed a significantly reduced motility in the running-wheel test (Fig. 1B) and a lower time of exhaustion in the treadmill test (Fig. 1C) compared with WT mice. The groups receiving HCT 1026 performed significantly better than untreated dystrophic mice in both tests at all time points. At 6 months, the group receiving prednisolone performed significantly worse than the group receiving HCT 1026 on the running wheel, and they performed at comparable levels on the treadmill. At 12 months, prednisolone-treated animals also performed worse on the treadmill than those receiving HCT 1026. Prednisolone-treated mice performed significantly better than the untreated ␣-SG-null mice only in the treadmill test. The group receiving ISDN behaved similarly to untreated ␣-SG-null mice (SI Table 1 ).
We determined whether the reduced creatine kinase serum levels and the increase in the in vivo performance induced by the treatments correlated with increased muscle strength. To this end, at 12 months we measured force production by soleus and EDL muscles. Muscles from ␣-SG-null mice developed less force during tetanic contraction compared with WT mice (Fig. 1D) . Treatment with HCT 1026 reduced this difference significantly. Prednisolone was significantly less effective in preventing the loss of muscle force in soleus muscle, and it did not show any effect in EDL. At the end of the experiments, the integrity of the sarcolemma was investigated by evaluating the uptake of Evans blue dye, which stains severely damaged and dying fibers. EDL and soleus from ␣-SG-null mice, untreated or treated with prednisolone, showed similarly higher dye uptake compared with EDL from WT mice (Fig. 2C) . No significant differences between these groups could be detected. By contrast, muscles from ␣-SG-null mice treated with HCT 1026 displayed a significantly lower dye uptake ( Fig. 2C and data not shown).
HCT 1026 Enhances Regeneration and Protects Skeletal Muscle in
␣-SG-Null Mice from Damage. Evaluation of H&E-stained sections was carried out on the tibialis anterior and diaphragm muscles. The muscle obtained from untreated ␣-SG-null mice revealed a progressive degeneration, with the appearance of necrotic and calcified fibers, which was accompanied by an increase in centronucleated, regenerating fibers early on, followed by a decrease, most likely because of depletion of satellite cells (22) (Fig. 2 A and B) . The treatment with prednisolone only slightly ameliorated these parameters, whereas ISDN produced no significant effects (SI Table 1 ). By contrast, muscle architecture was nearly normal in the groups receiving HCT 1026, with a significantly lower number of necrotic fibers, even at the 12-month time point. Interestingly, the number of centronucleated fibers was higher in HCT 1026-treated animals, and it did not decline with time, indicating that exhaustion of the satellite pool did not occur, consistent with the creatine kinase serum level determinations and the observed reduction in muscle wasting. Further support to a beneficial effect on skeletal muscle by HCT 1026 came from the analyses of frequency histograms of the cross-sectional area (CSA) of the single fibers. In the untreated ␣-SG-null mice, fiber CSA was very heterogeneous compared with fiber CSA of WT mice, with values distributed between 250 and 3,000 m 2 , the largest diameters being a sign of degeneration (pathological hypertrophy) (Fig. 2D ). By contrast, the frequency histograms of HCT 1026-treated animals showed a significantly more homogeneous distribution, with CSA values not significantly different from those observed in the WT mice. Homogeneity in CSA values was observed also in prednisolone-treated animals, but only up to 6 months; after 12 months CSA value distribution was as heterogeneous as that of untreated ␣-SG-null mice.
HCT 1026 Increases Satellite Cell Differentiation and Resistance to
Apoptosis, and It Preserves Their Number in Vivo. The results obtained so far suggest that the mechanism of action of HCT 1026 involves specific beneficial effects on satellite cells. We therefore assessed the action of the drug on satellite cell differentiation, proliferation, and resistance to apoptogenic cues found in the cytotoxic environment of the dystrophic muscle. The results obtained by both in vitro and in vivo experiments clearly show that treatment with HCT 1026 significantly increased satellite cell differentiation and survival, leading to an increased satellite cell population (SI Results and SI Fig. 6 ). The efficacy of HCT 1026 on these parameters was still significant after 12 months of treatment.
HCT 1026 and Prednisolone Exert an Antiinflammatory Action on
Skeletal Muscle of ␣-SG-Null Mice. Inflammation plays a role in the pathogenesis of muscular dystrophy because an abundant inflammatory infiltrate dispersed mostly in the fibrous/connective tissue of dystrophic muscle progressively replaces myofibers, causing reduction of muscle strength and worsening the disease (23) . AzanMallory staining revealed frequent foci of fibrosis in muscles of untreated ␣-SG-null mice (Fig. 3 A and B) , with an infiltrate composed mainly of CD11 ϩ macrophages among fibers, which were revealed by laminin staining (Fig. 3D) . We examined also the expression of several proinflammatory cytokines, and we established that in dystrophic muscle TGF-␤, macrophage inflammatory protein-1␣ (MIP-1␣), and monocyte chemoattractant protein-1 (MCP-1) are increased (Fig. 3C) . We found that treatment with HCT 1026 significantly reduced the number of inflammatory infiltrates, the amount of fibrotic tissue, and the concentrations of TGF-␤, MIP-1␣, and MCP-1, indicating that inhibition of inflammation plays a role in the action of HCT 1026 (Fig. 3) . Prednisolone reduced the inflammatory infiltrates and cytokine expression; however, it did not reduce the formation of fibrous tissue. These effects, together with the limited effect on long-term muscle regeneration and protection from damage (Fig. 2) , may contribute an explanation of why prednisolone does not significantly ameliorate muscle function. mdx mice (nine animals per group) were treated with HCT 1026 (30 mg/kg) incorporated in the diet, or they received plain diet (controls). Creatine kinase serum levels, motility on the runningwheel and treadmill tests, and muscle morphology were assessed after 6 months. The results clearly show that the long-term treatment with HCT 1026 exerts beneficial effects also in these animals. Data reported in SI Table 2 and SI Fig. 7 show that HCT 1026 significantly reduced creatine kinase levels, improved motility tests, reduced damage to the muscles, and increased centronucleated fibers. Also, in the mdx mouse we found no signs of toxicity with HCT 1026 in a variety of tissues and organs (data not shown). The treatment with HCT 1026 does not correct the genetic defect underlying muscular dystrophy. To address this issue we combined the pharmacological treatment with delivery of mesoangioblasts. Mesoangioblasts were transduced with a lentiviral vector expressing GFP (8) to trace them into the various tissues, and they were used either untreated or after a 12-h ex vivo exposure to stromal cell-derived factor 1 (SDF-1; 50 ng/ml), a treatment that increases their homing to muscle (24) . At variance with a previous report in which cells were injected in ␣-SG-null mice three times (8), here we performed a single injection to evaluate best the changes in therapeutic efficacy induced by drug treatment. Migration of mesoangioblasts was assessed by injecting them at a dose of 5 ϫ 10 5 cells per animal in ␣-SG-null mice untreated or treated for 3 months with HCT 1026. Gastrocnemius and filter organs (spleen, liver, lung, and kidney, where mesoangioblasts that flow through the circulation may be trapped) were recovered 6 h after the injection, and the percentage of the cells migrated in them was evaluated by real-time PCR with specific primers for GFP. Mesoangioblast migration in gastrocnemius on the side of injection (right side) was significantly enhanced in HCT 1026-treated animals (Fig. 4A) . A synergic effect of HCT 1026 with pretreatment of mesoangioblasts with SDF-1 before their injection was also observed. The percentage of cells retained by the filter organs was reduced in all conditions favoring mesoangioblast migration to the muscle.
To test whether an increased migration would lead also to an increased correction of the dystrophic phenotype, mice treated with or without HCT 1026 were killed 2 months after mesoangioblast injection. The efficacy of the treatment was assessed by measuring ␣-SG mRNA expression by RT-PCR and ␣-SG protein levels by Western blotting and immunofluorescence. Mesoangioblasts engrafted and reconstituted muscle fibers in the quadriceps, gastrocnemius, and soleus muscles on the side of injection (Fig. 4 B-D) . This effect was doubled in HCT 1026-treated animals and also by preexposure of mesoangioblasts to SDF-1. The combination of these two treatments increased 4-fold the percentage of fibers expressing a-SG protein. Of importance, both treatments increased engrafting in the contralateral muscles also. The ability of HCT 1026 to increase mesoangioblast-mediated fiber reconstitution was accompanied by increased single fiber-specific tension (Fig. 4E) , reduced muscle damage (judged by reduced creatine kinase levels; Fig. 4F ), and enhanced mouse performance on the treadmill (Fig.  4G ), which were significant vs. those observed in animals receiving mesoangioblasts in the absence of HCT 1026 treatment, and they were further increased by SDF-1 pretreatment of mesoangioblasts. Thus, HCT 1026 greatly increases mesoangioblast engrafting, and it may synergize with other treatments, leading to a significantly more effective cell therapy.
Discussion
Two decades after the identification of the molecular defect responsible for Duchenne muscular dystrophy, there are still no effective cures for the disease. The failure of all previous pharmacological treatments has left corticosteroids as the only available drug treatment. Therapy with corticosteroids, despite current attempts to ameliorate the protocols of administration, is still of limited clinical benefits, and it is accompanied by severe side effects (21) .
The treatment we tested here meets several criteria for an effective therapy, including the ability to block or at least significantly delay the progress of the disease, produce little or no side toxicity, be cost-effective, and, eventually, resolve the underlying genetic defect. In particular, the administration of HCT 1026 was sufficient on its own to delay significantly and persistently the progression of muscular dystrophy in two different models relevant to muscular dystrophy in humans. The drug was effective in correcting biochemical and morphological alterations and in limiting inflammation. Most importantly, the drug increased muscle strength and significantly increased the ability of animals to perform on different motility tests. This functional amelioration was persistent after 12 months of treatment, when disease in untreated animal was severe, clearly demonstrating the efficacy of the treatment in slowing disease progression. Long-term beneficial effects have not been reported for any of the experimental treatments of muscular dystrophy investigated so far.
The beneficial effects of NO on muscle function are well known, and the mechanisms of its action are well understood. In particular, NO is generated by skeletal muscle to stimulate key actions in muscle repair, including activation of satellite cells and release of myotrophic factors (10) (11) (12) . In addition, NO stimulates vasodilation, and thus increases the supply of oxygen and glucose uptake, and it triggers mitochondrial biogenesis, all of which contribute to preserve muscle from damage during contraction (13, 14, 25, 26) . Indeed, amelioration of the dystrophic phenotype had been observed in neuronal NO-synthase transgenic mice (15) . These studies stimulated investigations about the therapeutic potential of treatments based on administration of L-arginine, a metabolic precursor of NO, or molsidomine, a NO donor, to increase NO release (26, 27) . Although some amelioration of muscle morphology was observed, and in one study creatine kinase levels were reduced (26), those treatments did not yield recovery of muscle function, and they did not improve animal motility tests. Moreover, these experiments were short-term investigations. We found no amelioration of morphofunctional parameters in ␣-SG-null mice after a 6-month treatment with ISDN.
The detectable and persistent recovery of muscle function observed in our study is most likely because HCT 1026 combines the multiple beneficial effects of NO outlined above with the potent antiinflammatory action of flurbiprofen, yielding a drug endowed with new properties. We found that important mechanisms concur to determine the excellent therapeutic potential of HCT 1026. The drug inhibited significantly inflammation in the dystrophic muscle by reducing the generation of proinflammatory cytokines and reducing infiltration of proinflammatory cells. In addition, HCT 1026 had a specific action in preserving satellite cell number and function by protecting them from the proapoptotic environment of the dystrophic muscle and by increasing their ability to differentiate. This action explains why in HCT 1026-treated animals, the regenerating ability of muscle, assessed as an increased number of centronucleated, reduced number of necrotic fibers and normal CSA, was preserved. The beneficial effect of the treatment we propose was tested against prednisolone, one of the widely used corticosteroids for treatment of Duchenne muscular dystrophy. We found that HCT 1026 was more effective than the steroid in ameliorating morphological, biochemical, and functional parameters and that these actions occurred in the absence of toxic side effects. In particular, we did not observe gastric damage, which in HCT 1026 is minimized by the NO-donating moiety (16) . Moreover, the limited beneficial effects of the steroid decreased with time, becoming insignificant at later stages of the disease.
Previous studies in the mdx mouse showing that corticosteroids either alone or combined with other treatments exert beneficial effects were designed only as short-term therapeutic protocols (2-3 months on average) (25, 28) . In humans, however, treatments have to be delivered long-term, a situation in which the side effects of corticosteroid administration still represent a serious problem (21) . In contrast, HCT 1026 has a profile of safety that holds promise for its future use in patients affected by Duchenne muscular dystrophy. Because of the absence of corticosteroid-related toxicity, HCT 1026 appears a more promising therapy than the combination of Larginine and deflazacort recently proposed (25) . In addition, Larginine and deflazacort were tested only up to 3 months, and L-arginine may fail to produce long-term NO release because of the dramatic decrease of NO synthase observed in dystrophic muscles (13) . The second important advantage of the treatment with HCT 1026 is that it significantly enhanced the engrafting to muscle of intraarterially delivered mesoangioblasts, a type of stem cells shown to be effective in correcting the genetic defect of the muscle (8) . This enhancement resulted in a significant increase in their therapeutic efficacy as shown by morphological and biochemical parameters and by in vivo motility assay on the treadmill. The effect was further enhanced by in vitro exposure of donor cells to SDF-1, a molecule able to increase homing of mesoangioblasts (24), implying that HCT 1026 may be used in combined therapeutic strategies to yield synergic beneficial effects. Of importance, the increased homing of mesoangioblasts to the muscle was accompanied by a concomitant reduction of their number in the relevant filter organs. This number is large, and it may cause damage to these organs (9) . An increased efficiency of stem cell delivery will reduce either the number of cells needed for a single injection or the number of injections, leading to an optimization of cell therapy.
Compared with the current experimental therapies, the treatment we propose has clear advantages. Despite recent encouraging results, therapy with stem cells alone cannot reverse the preexisting pathological changes, and it still suffers from inefficient engraftment (9) . This inefficiency may originate from a limited homing of these cells to muscle and a reduced ability to resist to the cytotoxic environment existing in the damaged muscle (23, 29) . These problems are reduced by the combination of mesoangioblasts with HCT 1026.
Within the current scenario of preclinical and early clinical studies, HCT 1026 shows the distinct advantages of being economically affordable (unlike humanized anti-myostatin antibodies), nonimmunogenic (like adeno-associated vectors), suitable for all mutations (unlike oligonucleotides for exon skipping), and with a tested profile of safety. We conclude that the therapeutic strategy presented in this work represents a significant advance and sets the stage for immediate trials in patients.
Materials and Methods
Animal Treatments. Mice were treated with HCT 1026 and prednisolone compounded in the chow following the European Community guidelines, and with the approval of the Institutional Ethical Committee. Mesoangioblast D16-GFP cells, pretreated with or without SDF-1, were delivery by intraarterial injection through the right femoral artery (8) .
Determination of Creatine Kinase Serum Levels. Serum creatine kinase concentrations were measured from mouse blood samples by using the indirect colorimetric assay (Roche Diagnostics, Basel, Switzerland), following standard procedures. Mechanics of Isolated Muscles and Fibers. Mechanical analysis of intact muscles was carried out as described in ref. 30 . Tetanic force was normalized to the estimated CSA assuming cylindrical shape of the muscle and a density of 1.06 mg/mm 3 (CSA corresponds to the wet weight divided by its length). Normalized tetanic force is expressed as kN/m 2 . Absolute (P o ) and specific force (P o /CSA) of single muscle fibers were measured by using skinned preparations (31) .
Histology Immunohistochemistry and Morphometry. Muscles were dissected and frozen in liquid N 2 -cooled isopentane. Fiber membrane damage was evaluated Evans blue dye staining. Serial muscle sections were stained in H&E, by using the Azan-Mallory technique, or immunostained as described in ref. 8 . Morphometrical analyses to evaluate distribution of fiber CSA were carried out on 300 fibers per muscle, on H&E-stained sections of tibialis anterior, by using Image 1.63 software (Scion Corporation, Frederick, MD).
Cytokine Analysis. TGF-␤ and MIP-1␣ concentrations were determined on equal amounts of protein lysates from tibialis anterior muscles, by using the Quantikine ELISA kits (R&D Systems, Minneapolis, MN). MCP-1 concentration was assessed by flow cytometry by using the cytometric bead array (BD Bioscience, San Jose, CA).
RNAs and Protein Measurements. Real-time quantitative PCR analysis was carried out on cDNA from tissue samples by using an Mx3000P real-time PCR detection system (Stratagene, La Jolla, CA). Each cDNA sample was amplified in duplicate by using the SYBR Green Supermix (Bio-Rad, Hercules, CA) for GFP (primers GFP: forward, AAGTTCATCTGCACCACCG; reverse, TCCT-TGAAGAAGATGGTGCG). Protein samples from homogenized tissue were analyzed by Western blotting by using mAbs anti-␣-SG (Novocastra, Newcastle upon Tyne, U.K.) and GAPDH (Biogenesis, Kingston, NH) (8) .
